An orthobunyavirus termed Fort Sherman virus (FSV) was isolated in 1985 from a febrile US soldier in Panama, yet potential animal reservoirs remained unknown. We investigated sera from 192 clinically healthy peri-domestic animals sampled in northeastern Brazil during 2014-2018 by broadly reactive RT-PCR for orthobunyavirus RNA, including 50 cattle, 57 sheep, 35 goats and 50 horses. One horse sampled in 2018 was positive (0.5%; 95% CI, 0.01-3.2) at 6.2 × 10 3 viral RNA copies/mL. Genomic comparisons following virus isolation in Vero cells and deep sequencing revealed high identity of translated amino acid sequences between the new orthobunyavirus and the Panamanian FSV prototype (genes: L, 98.8%; M, 83.5%; S, 100%), suggesting these viruses are conspecific. Database comparisons revealed even higher genomic identity between the Brazilian FSV and taxonomically unassigned Argentinian mosquito-and horse-derived viruses sampled in 1965, 1982 and 2013 with only 1.1% maximum translated amino acid distances across viral genes, suggesting the Argentinian viruses were also distinct FSV strains. The Panamanian FSV strain was an M gene reassortant relative to all Southern American FSV strains, clustering phylogenetically with Cache Valley virus (CVV). Mean dN/dS ratios among FSV genes ranged from 0.03 to 0.07, compatible with strong purifying selection. FSV-specific neutralizing antibodies occurred at relatively high end-point titres in the range of 1:300 in 22.0% of horses (11 out of 50 animals), 8.0% of cattle (4/50 animals), 7.0% of sheep (4/57 animals) and 2.9% of goats (1/35 animals). High specificity of serologic testing was suggested by significantly higher overall FSV-specific compared to CVV-and Bunyamwera virus-specific end-point titres (p = .009), corroborating a broad vertebrate host range within peri-domestic animals. Growth kinetics using mosquito-, midge-and sandfly-derived cell lines suggested Aedes mosquitos as potential vectors. Our findings highlight the occurrence of FSV across a geographic range exceeding 7,000 km, surprising genomic conservation across a time span exceeding 50 years, M gene-based reassortment events, and the existence of multiple animal hosts of FSV.
| INTRODUC TI ON
Orthobunyaviruses are arthropod-borne viruses associated with zoonotic transmission and animal disease worldwide. Known vectors include mosquitoes, midges, bugs and ticks (Elliott, 2014) . Currently, 88 species, gathered in at least 18 serogroups (Elliott, 2014) , are assigned to the Orthobunyavirus genus in the Peribunyaviridae family (Abudurexiti et al., 2019) . Human infection is generally asymptomatic but can cause febrile disease and severe acute neurological disease, exemplified by viruses from the Bunyamwera serogroup such as Maguari virus (MAGV) and Cachey Valley virus (CVV) (Calisher & Sever, 1995; Campbell et al., 2006; Wilson et al., 2017) . Besides humans, data from serological studies point to a wide vertebrate host range of orthobunyaviruses including horses, cattle, goat, sheep, bison, caribou, grizzly bear, moose and deer (Calisher et al., 1986) . Fort Sherman virus (FSV) was isolated in 1985 from a US soldier with acute febrile disease based in Panama. The virus was antigenically related to MAGV, CVV, and the mosquito-associated Tensaw virus (TENV) and assigned to the Bunyamwera serogroup (Mangiafico, Sanchez, Figueiredo, LeDuc, & Peters, 1988) . FSVlike viruses were previously isolated in Argentina from Culicidae spp. mosquitos in the 60s (strain CbaAr426) and 80s (strain AG83-1746) and later from horses sampled in 2013 (strains SFCrEq231 SFCrEq232 and SFCrEq238), yet they were back then classified as 'Cordoba' (Groseth et al., 2017) and 'Argentina' Bunyamwera lineages (Tauro et al., 2015 (Tauro et al., , 2019 . The most recent ICTV taxonomy update lists FSV as a distinct Orthobunyavirus species (Abudurexiti et al., 2019) . The animal host range or potential invertebrate vectors associated with FSV are largely unknown.
| MATERIAL AND ME THODS
A total of 192 sera were collected from peri-domestic animals including 50 horses, 50 cattle, 57 sheep and 35 goats during 2014-2018 in northeastern Brazil (Table 1) . Animals were sampled during veterinary surveillance activities in different farms that were 200-600 km distant from each other. Animals were handled following procedures approved by the animal ethics committee of the Federal University of Bahia with the authorization no. 55/2017. Viral RNA was extracted using the MagNA Pure 96 DNA and Viral NA Small Volume Kit (Roche Life Sciences). Samples were screened for orthobunyavirus RNA using a broadly reactive and highly sensitive RT-PCR assay targeting the viral L gene (Lambert & Lanciotti, 2009 ). Viral RNA from serum and cell supernatant was quantified using a strain-specific real-time RT-PCR with the following primers FSHV-rtF (5′-TGTTGGTGATTGTGCATATATTGG), FSHV-rtR (5′-GGCGGACAACCATGTTTAATACT) and the probe FSHV-rtP (5′-ATCTAGCCAGTAGGTTATCTGCCACGCAGC), labelled with fluorescein amidite (FAM) at the 5′-end and a dark quencher at the 3′-end. The assay was controlled by photometrically quantified in vitro-transcribed RNA controls generated from synthesized DNA fragments (IDT) containing a T7-RNA polymerase promoter region as described previously (Drexler et al., 2009) . Thermocycling involved reverse transcription at 55°C for 20 min followed by 94°C for 3 min and then 45 cycles of 94°C for 15 s and 58°C for 30 s. RT-PCR was done using the OneStep SuperScript III RT-PCR kit (Thermo Fisher) with 5 µl RNA input and reaction components according to the manufacturer's instructions.
Virus was isolated from the PCR-positive horse serum diluted at 1:10 and 1:100 and inoculated onto Vero E6 cells maintained at 37°C and cultivated in DMEM. After 1 hr of incubation, the inoculum was removed and replaced by medium supplemented with 5% foetal calf serum (FCS), 1% penicillin/Streptomycin (100 U/ml) (PS, Thermo Fisher) and 1% non-essential amino acids. Infected cells were passaged three times every 7 days and controlled daily for cytopathic effect (CPE) and increases in FSV RNA via real-time RT-PCR. FSV stocks were produced by propagation in Vero E6 cells as described above. Cells and supernatant were harvested 3 days post-infection, centrifuged at 2000 x g for 10 min and titrated via plaque assay in Vero E6 cells.
For FSV growth kinetics, we compared cell lines from primate (Vero: Cercopithecus aethiops), mosquito (C6/36: Aedes albopictus and HSU: Culex quinquefasciatus), biting midges (KC: Culicoides sonorensis) and sandfly (LL5: Lutzomyia longipalpis) hosts. Vero cells were cultivated under conditions described above, while invertebrate cell lines were maintained at 28°C. C6/36 cells were cultivated in Leibovitz's L15 medium supplemented with 5% FCS; HSU cells were cultivated in L15 supplemented with 10% FCS and 10% tryptose phosphate (29.5 g/L). LL-5 and KC cells were cultivated in Schneider's medium supplemented with 10% FCS, 1% L-Glutamine (200 mM), 1% sodium pyruvate (100 mM) and 1% NEAA. Cells were infected at a multiplicity of infection (MOI) of 0.1, and supernatant was harvested and analysed at 0, 12, 24, 36, 48, 72, 96, 120, 144 and 168 hr post-infection (hpi) . dtu.dk/servi ces/NetNGlyc) and putative transmembrane regions were predicted based on the hydropathy profile by the TMHMM 2.0 (http://www.cbs.dtu.dk/servi ces/TMHMM-2.0/) as previously described (Tchouassi et al., 2019) . GenBank accession numbers for the Brazilian FSV strain described here are MN379835 (L segment), MN379834 (M segment) and MN379833 (S segment).
TA B L E 1 Sampling table

| RE SULTS
The broadly reactive RT-PCR detected one viremic horse out of 192 peri-domestic animals (overall detection rate 0.5%; 95% confidence interval (CI), 0.01-3.2; sampling coordinates 12°08′54″S 44°59′33″W). In horses, the detection rate was 2.0% (95% CI, 0.01-11.5) ( Table 1 and for the genus Orthobunyavirus defined as at least 96% genetic identity of the translated L segment coding region Reguera et al., 2016) , our isolate and the Argentinian strains previously assigned to 'Cordoba' (Groseth et al., 2017) and 'Argentina' (Tauro et al., 2019) viruses are all conspecific FSV variants.
Phylogenetic analyses were performed based on translated amino acid sequences of all three genes and a data set comprising
Orthobunyavirus ICTV reference sequences. Interestingly, ML trees displayed distinct topology in the different segments (Figure 1d ). In the L and S segments, the Brazilian FSV strain clustered with the FSV prototype and the Argentinian FSV strains. In the M segment, the Brazilian FSV strain clustered with the Argentinian strains while the Panamanian FSV prototype strain clustered together with CVV, strongly suggesting reassortment events during the genealogy of the Panamanian prototype strain, as previously noted (Groseth et al., 2017; Tauro et al., 2019) . Due to the remarkable genomic conservation of FSV strains across over 50 years in time and 7,000 km in space, we performed selection pressure analyses for each deduced FSV gene. Mean dN/dS ratios ranged from 0.03 to 0.07 (Figure 1e) CI, 0.1-15.8) (Figure 2a ), without spatial clustering in regard to the geographic distribution of seropositive animals (Figure 2b) . The seroprevalence in horses was significantly higher than in other livestock species (chi-square, p < .01). However, end-point titres were comparably high in all seropositive animals at around 1:300 serum dilution (Kruskal-Wallis, p = .38) ( Figure 2c) one showed relatively weaker neutralization of the more divergent BUNV and 13 sera showed concomitant neutralization of CVV ( Figure 2d ). FSV end-point titres were significantly higher than CVV end-point titres in all but two of those 13 sera (Wilcoxon's signedrank test, p = .009). The median difference between FSV-and CVVspecific end-point titres in those 11 sera yielding relatively higher FSV titres was 120, which exceeded CVV-specific end-point titres about fourfold or higher in all cases, irrespective of the host species ( Figure 2d , Table 3 ). In sum, the serologic data confirmed a wide FSV animal host range and suggested that viruses closely related to the Panamanian FSV prototype strain or CVV might also be circulating in Brazil.
The two Argentinian mosquito-derived FSV strains were isolated in Aedes albifasciatus and Psorophora varinervis (Groseth et al., 2017) , hinting at a broad invertebrate host range. To experimentally assess invertebrate host range, we infected different invertebrate lineages including mosquito-, sandfly-, and midge-derived cell lines with the Brazilian FSV. Beyond Vero, only the Ae. albopictus-derived cell line showed statistically significant (t test, p < .05) increments of viral RNA by five orders of magnitude, and reaching titres similar to those obtained in Vero cells (Figure 2e ). This suggested a narrow invertebrate host range with Aedes mosquitoes as main vectors. Psorophora sp. cell lines exist (Bello et al., 2001) , but were unfortunately not available for our study. Formal vector competence and field studies will be required to confirm the FSV invertebrate host range, ideally including different Southern
American Aedes species with differential host preferences such as the anthropophilic Ae. aegypti, but also other species including Ae. albopictus, Ae. fluviatilis, Ae. scapularis and Ae. albifasciatus.
F I G U R E 1 Location, isolation and evolutionary characteristics of Fort Sherman virus from Brazil. Geographic distribution of FSV found in this study (red star), and in previous studies including the FSV prototype found in a soldier in Panama (orange circle), in mosquitos from Argentina previously assigned as Cordoba virus (purple circle) and the horse strains formerly classified as Argentina lineage in the Bunyamwera serogroup (red circle). Map built with Quantum GIS (http://qgis.osgeo.org) (a). Visualization of cellular cytopathic effect and comparison between non-infected and FSV-infected Vero cells showing cytopathic effect after 72 hr (b). Comparison of the genome organization of FSV from our study with the FSV prototype strain from Panama. Sequence length of large (L), medium (M) and small (S) genomic segments and ORF positions in nucleotides (nt). RNA-dependent RNA polymerase (RdRp), glycoproteins (Gn and Gc), non-structural protein NSm, nucleocapsid (N) and non-structural protein NSs are indicated, vRNA: viral RNA (c). Maximum Likelihood phylogenetic trees based on deduced amino acid sequences of the L, M and S genes. Black circles at nodes represent support values of ≥0.75 from 1,000 bootstrap replicates (d). Mean dN/dS (ω) ratios on L, M and S genes of FSV and CVV using different methods indicated below. High nucleotide identity prevented selection pressure analyses in FSV and CVV S genes in PAML (e). (Abudurexiti et al., 2019) .
| D ISCUSS I ON
Our results show that FSV is circulating over a wide geographic range among South American horses. Interestingly, the viremic horse reported here was clinically healthy, which is different from the fatal neurologic disease reported in Argentina (Tauro et al., 2015) . Different courses of FSV infection are consistent with CVV that has been isolated from both symptomatic and asymptomatic horses (Calisher et al., 1986) . While our serological data suggest a broad vertebrate host range of FSV beyond horses, antibodies elicited by antigenically related Bunyamwera serogroup viruses may cross-react among each other (Hunt & Calisher, 1979; Johnson et al., 2014) , and to date, no isolation or molecular detection of FSV has been reported for vertebrates other than horses. Therefore, our serological data should be interpreted with caution until further proof by direct FSV detection.
The reassortant FSV prototype strain originated from Panama and consists of FSV-related L and S segments with a CVV-related M segment. Because CVV circulates in Northern America (Calisher et al., 1986; Waddell et al., 2019) , and our data show wide circulation of FSV in Southern America, it seems feasible that a reassortant virus would emerge in Central America, where the two subcontinents are connected. Since orthobunyaviruses show frequent reassortment events (Briese, Calisher, & Higgs, 2013) , it will be interesting to see whether this potential geography-driven reassortment pattern can also be observed in other American orthobunyaviruses in future studies.
The orthobunyavirus M-derived glycoproteins are responsible for attachment and cellular entry and therefore major components of the viral host range (Elliott, 2014 (Tauro et al., 2012) . Altogether, it seems likely that both the reassortant and the non-reassortant FSV strains should be included in differential diagnostics of both humans and other animals with compatible symptoms. 
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